Background: Cryptosporidium spp. and Giardia duodenalis are major intestinal pathogens that can cause diarrheal diseases in humans, especially children. Enterocytozoon bieneusi is another parasite which can cause gastrointestinal tract disorders, with diarrhea being the main clinical symptom. However, few genetic studies of these parasites in pediatric inpatients in China have been published.
Background
Cryptosporidium spp., Giardia duodenalis and Enterocytozoon bieneusi are the major etiological agents of cryptosporidiosis, giardiasis and microsporidiosis, respectively [1] [2] [3] . When infected with these parasites, although most of the immunocompetent individuals are always asymptomatic, there are also patients suffering self-limiting diarrhea or severe wasting disease, especially immunocompromised individuals, such as HIV-positive patients [4, 5] . Susceptible hosts acquire infections through both direct and indirect transmission routes, such as direct contact or ingestion of contaminated food or water [5] .
Molecular diagnostic tools based on the small subunit ribosomal RNA (SSU rRNA) gene of Cryptosporidium spp. and G. duodenalis and the internal transcribed spacer (ITS) of E. bieneusi have long been used for the molecular analysis of these parasites [3] . At least 36 valid species of Cryptosporidium have been reported worldwide [6] , among which C. hominis and C. parvum are the Cryptosporidium species most frequently detected in human isolates [3] . Giardia duodenalis is considered a species complex, consisting of eight genetically distinct genotypes, assemblages A-H, which have different host specificities. Assemblages A and B appear to be responsible for most human infections [7, 8] . Currently, over 1600 E. bieneusi ITS genotypes have been deposited in Gen-Bank, derived from more than 650 studies [9] . Of these, genotypes D, EbpC, PigEBITS7 and type IV, are the genotypes most prevalent in humans [9] .
According to the molecular epidemiological data available from many provinces in China (Jilin, Heilongjiang, Tianjin, Anhui, Hebei, Henan, Jiangsu, Shanghai, Hubei, Sichuan, Chongqing, Guangxi and Yunnan) [5, [10] [11] [12] , the prevalence of Cryptosporidium ranges from 0.1% to 13.5% [13, 14] . Epidemiological investigations conducted in recent years have suggested that the average infection rate of G. duodenalis is 0.85% (197/23,098), and the highest infection rate (9.46%, 7/74) was reported in one study in Shanghai [10, 15] . The prevalence of E. bieneusi in humans varies from 0.2% to 22.5%, with the highest infection rate observed in children in Jilin Province [11, 16] .
Most published studies of these parasites have involved HIV-positive patients and children with diarrhea, but the infectious status of these parasites in children with different disease backgrounds remains unclear. Henan is a province located in central China, with a population of about 100 million. As the capital of Henan Province, Zhengzhou, has a population of more than 10 million and the public health threat in the event of an outbreak of these parasitic diseases is significant. Because the patients hospitalized in pediatric wards are by definition children, outbreaks of enteroparasites are more likely to occur when these children infected with highly virulent isolates. Therefore, we thoroughly assessed the prevalence and risk levels of Cryptosporidium spp., G. duodenalis and E. bieneusi in a large population of children hospitalized in Zhengzhou, Henan Province, central China.
Methods

Sample collection
Hospitals are ideal sites for surveying individuals with different disease backgrounds, and fecal samples can be readily collected. In this study, the pediatric departments of three hospitals in Zhengzhou, Henan Province, were selected to investigate the infection rates and genetic characteristics of Cryptosporidium, G. duodenalis and E. bieneusi in the children admitted to these hospitals.
All the parents or guardians were given specific oral instructions for the proper sample collection and the avoidance of possible contamination, and a plastic box labeled with a unique number in which to collect a fresh stool sample in the morning. A total of 2284 samples were collected from children aged 1-14 between March 2016 and January 2017, and all the samples were stored at 4 °C in 2.5% (w/v) potassium dichromate solution until DNA extraction.
DNA extraction and PCR amplification
Dichromate was washed off the samples by distilled water and centrifugation. Genomic DNA was extracted from ~200 mg of each stool sample using the E.Z.N.A ® stool DNA kit (Omega Bio-tek, Norcross, GA), according to the manufacturer's instructions. Extracted DNA preparations were analyzed by nested PCR amplification.
All samples were examined for Cryptosporidium spp. using a nested PCR that targeting a ~834-bp fragment of the SSU rRNA gene [17, 18] The Cryptosporidium-positive samples were further analyzed with nested PCR targeting a 400-500-bp fragment of the 60 kDa glycoprotein gene (gp60) [19] . All the samples were tested for G. duodenalis infection with nested PCR based on a ~292-bp fragment of the SSU rRNA, using a previously described assay [20] . Segments of the β-giardin gene (bg, ~510 bp), triose phosphate isomerase gene (tpi, ~530 bp) and glutamate dehydrogenase gene (gdh, ~530 bp) were then amplified with the method described by Sulaiman et al. [21] , Cacciò et al. [22] and Lalle et al. [23] to determine the multilocus genotypes (MLGs) of the G. duodenalis isolates detected in this study. For the assemblage-specific amplification of the Giardia tpi gene, primers previously described by Geurden et al. [24] were used. The presence of E. bieneusi in the 2284 fecal samples was detected with nested PCR that amplified a ~389-bp fragment of the ITS [25] .
Reagent-grade water was used as the negative control for all PCRs and DNA known to be positive at the specific locus was used as the positive control. The amplified fragments were separated electrophoretically on 1% agarose gel stained with DNAGreen (Tiandz, Beijing, China) and visualized under UV light.
Sequence and data analyses
The positive secondary PCR products were sequenced bidirectionally on an ABI PRISM ™ 3730 XL DNA Analyzer by SinoGenoMax Biotechnology Co., Ltd (Beijing, China) using the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA). The generated sequences were assembled and edited with DNASTAR Lasergene EditSeq version 7.1.0 (http://www. dnast ar.com/) and aligned with reference sequences downloaded from GenBank with Clustal X version 2.1 (http://www.clust al.org/).
To infer the phylogenetic relationships of the detected samples, neighbor-joining (NJ) trees were constructed with the program MEGA X (http://www.megas oftwa re.net), based on evolutionary distances calculated with the Kimura 2-parameter model. The reliability of these trees was assessed with a bootstrap analysis of 1000 replicates.
All statistical analyses were performed with the software IBM SPSS Statistics (www.ibm.com/produ cts/spssstati stics ). The prevalence of parasitic infections, with the 95% confidence interval (CI), was calculated. In the univariate analyses, Fisher's exact test was used to compare the prevalence of the three parasitic diseases in groups constructed according to age, sex, and disease background, and the odds ratios (ORs; with 95% CIs) were computed to examine the associations between the participants' characteristics and the parasitic infections A two-sided P-value of 0.05 or less was deemed significant.
Results
Occurrence of Cryptosporidium spp., G. duodenalis and E. bieneusi
Of the 2284 fecal samples examined in this study from the three children's hospitals in Zhengzhou, six (0.26%, 95% CI: 0.03-0.49%), 14 (0.61%, 95% CI: 0.27-0.95%), and 27 (1.18%, 95% CI: 0.72-1.65%) were positive for Cryptosporidium spp., G. duodenalis and E. bieneusi, respectively (P = 0.0007). No coinfections of these pathogens were detected in any of the samples. By age, the highest total infection rate (5.22%, 14/268, 95% CI: 2.37-8.07%) for all three parasites combined was detected in children aged 6-14 years, followed by children aged 1-6 years, with an infection rate of 2.48% (23/927, 95% CI: 1.43-3.54%); the lowest rate was 0.92% (10/1089, 95% CI: 0.31-1.53%) in children aged < 1 year (P < 0.0001) ( Table 1 ). The data showed that 2.12% (95% CI: 1.33-2.90%) of males and 1.96% (95% CI: 0.98-2.94%) (P = 0.88) of females were positive for an intestinal parasite. According to the children's disease backgrounds, the highest infection rate (8.33%, 13/156, 95% CI: 3.68-12.99%) was observed in the group with gastrointestinal symptoms, followed by the group with autoimmune rheumatic disease (4.98%, 11/221, 95% CI: 1.88-8.07%) or hematological neoplasms (4.14%, 6/145, 95% CI: 0.55-7.72%), whereas only 0.96% (17/1762, 95% CI: 0.48-1.45%) of the remaining 1762 samples from children with other medical conditions were positive (P < 0.0001) ( Table 1 ).
Correlation analysis
The correlations between the clinical data and the infection rates were evaluated by computing the ORs and their 95% CIs, which are shown in Table 1 . There was a significant positive correlation between the infection rate and age in the hospitalized children, as an OR of 2.75 (95% CI: 1.30-5.80; P = 0.007) was associated with the 1-6 yearold group and 5.97 (95% CI: 2.61-13.54, P < 0.0001) was associated with the 6-14 year-old group. No significant association between infection and sex (OR = 0.92, 95% CI: 0.51-1.68) was observed. The results of the univariate analysis also showed that children with gastrointestinal symptoms (OR = 9.33, 95% CI: 4.44-19.60), autoimmune rheumatic disease (OR = 5.38, 95% CI: 2.49-11.63), or hematological neoplasms (OR = 4.43, 95% CI: 1.72-11.42) were at greatest risk of parasitic infection.
Cryptosporidium species and gp60 subtypes
The sequences of the SSU rRNA gene were obtained for five of the six positive samples, which showed that four of the patients were infected with C. parvum and one with Table 2) .
Giardia duodenalis assemblages and multilocus genotypes
Of the 14 PCR-positive samples of G. duodenalis at the SSU rRNA locus, 12 were sequenced successfully. However, four were identified as assemblage A and eight as assemblage B. When the MLG technique was applied to these 14 samples, 11, 10 and 12 samples were positive at the bg, tpi and gdh loci, respectively (Tables 2, 3) . A sequence analysis of the 11 sequences positive at the bg locus showed that five isolates were assemblage A and six were assemblage B. The sequences from all the assemblage A isolates were identical to GenBank reference sequence MG736240. Within the assemblage B isolates, three sequences were identical to MG736242, whereas two sequences had a single-nucleotide polymorphism (SNP) (G389A or G239A) relative to the MG736242 sequence, and the remaining sequence had two SNPs (A95G and C188T).
According to the sequence analysis of the gdh locus, four isolates were identified as assemblage A and seven as assemblage B. Isolate ED551 showed inconsistent bidirectional sequencing results, because the forward sequence identified it as assemblage B, whereas the reverse sequence identified it as assemblage A. All four assemblage A sequences and the reverse sequence of isolate ED551 were consistent with KT948091. Apart from the forward sequence of isolate ED551, the sequences obtained for the assemblage B isolates were identical to EU637585, except one sequence with one SNP (T318C) relative to MH475908.
At the tpi locus, assemblages A and B were identified in four and six PCR-positive samples, respectively. One and three assemblage A sequences were identical to reference sequences MH673809 and MH673818, respectively. Among the assemblage B sequences, two sequences were consistent with KT948104 or KX668308, and the remaining four sequences showed one SNP (G250A) relative to KF679742. Because of its inconsistent bidirectional sequencing results at the gdh locus, isolate ED551 was amplified and sequenced again using assemblage A and assemblage B-specific primers of the tpi gene, respectively. Interestingly, a mixed infection of assemblage A and B was detected in ED551.
Because of its inconsistent bidirectional sequencing results, ED551 was excluded from the MLG analysis, as were those samples for which data for all three loci were not available. In total, five MLGs were generated (two belonging to assemblage A and three belonging to assemblage B) and were designated AII-Novel1, AII-Novel2, and BIV-Novel1 to BIV-Novel3. All the MLGs were found in a single isolate, except BIV-Novel3, which occurred in three isolates (Table 3 ). In a phylogenetic analysis, the two assemblage A MLGs clustered closely with MLG AII-1 (Fig. 1 ) and the three assemblage B MLGs clustered on the MLG BIV branch (Fig. 2 ).
Enterocytozoon bieneusi genotypes
Of the 27 samples positive for E. bieneusi according to PCR amplification of the ITS fragment, 23 were E. bieneusi 1.18 (n = 27) D (n = 17); J (n = 2); PigEBITS7 (n = 2); BEB6 (n = 1); CM8 (n = 1) (Table 2 ). In a phylogenetic analysis, three of the five genotypes identified in this study (D, CM8 and PigEBITS7) clustered in group 1 and genotypes J and BEB6 clustered in group 2 (Fig. 3 ). Fig. 1 Phylogenetic relationships among G. duodenalis assemblage A isolates inferred with a neighbor-joining analysis based on the concatenated bg, tpi and gdh nucleotide sequences. Multilocus genotypes from previous studies were used as the reference sequences and are represented by the corresponding isolate name [22] . Novel MLGs are indicated with triangles. Bootstrap values > 70% from 1000 replicates are shown at the nodes Fig. 2 Phylogenetic relationships among G. duodenalis assemblage B isolates inferred with a neighbor-joining analysis based on the concatenated bg, tpi and gdh nucleotide sequences. Multilocus genotypes from previous studies were used as the reference sequences and are represented by the corresponding isolate names [8, 22, 47] . Novel MLGs are indicated with triangles. Bootstrap values > 70% from 1000 replicates are shown at the nodes
Discussion
Our data indicate that children aged 6-14 years were more likely to be infected with enteroparasites than those aged < 1 year or 1-6 years, suggesting that children aged 6-14 years are at highest risk of infection by these parasites, which is inconsistent with previous studies [26, 27] . These discrepancies might reflect the socioeconomic levels of the study sites, the immune status of the targeted groups, and/or the sensitivity of the techniques used [28] . In this study, newborns under one month of age were also included as long as they met the criteria. In the traditional Chinese concept of infant care, these newborns have little contact with anything other than their mothers during the first month of their lives. In one of the three hospitals involved in this study, the majority of pediatric inpatients were neonates, among whom no parasitic infections were found, and this may be contributed to the low infection rates of these parasites. Interestingly, higher infection rates were found in children with gastrointestinal symptoms, autoimmune rheumatic disease, or hematological neoplasms than in children with other diseases, which might be explained by the nature of these parasites, which cause gastroenteric symptoms, especially in immunocompromised patients [1] [2] [3] . The innate Fig. 3 Neighbor-joining tree of E. bieneusi ITS genotypes. The phylogenetic relationships of the E. bieneusi genotypes determined in this study and other genotypes previously deposited in GenBank were inferred with a neighbor-joining analysis of ITS sequences based on genetic distances calculated with the Kimura 2-parameter model. Each sequence from GenBank is identified by its accession number, host origin, and genotype designation. Genotypes identified in this study are indicated with triangles. Bootstrap values > 70% from 1000 replicates are shown at the nodes immune response plays an important role in the pathogenesis of autoimmune rheumatic disease, and many inhibitors are used today to treat this disease, including interleukin 6 (IL-6) inhibitors, IL-1 inhibitors, Janus kinase inhibitors and anti-B cell drugs [29] . Therefore, the immune function of the patient is inhibited to some extent, which may explain the high infection levels in the children with autoimmune rheumatic disease. The prevalence of Cryptosporidium spp. (0.26%) was consistent with previous molecular epidemiological studies of Cryptosporidium in children in other cities and provinces of China (1.2% in Taiwan, 0.1% in Kunming, 2.0% in Wuhan, and 1.6% in Shanghai) [13, [30] [31] [32] . In a previous study conducted in Henan, the infection rate of Cryptosporidium was 1.5%, but it was 0.15% in 683 HIVpositive patients in the National Free Antiretroviral Therapy Programme (NFATP) in China [33] . Cryptosporidium was detected in 0.11% of the samples in a cross-sectional study of 1637 children aged 3-9 years in Jiangsu [28] . In Sichuan Province, the infection rate of Cryptosporidium was reported to be 2.4% in a school-based cross-sectional study involving 321 elementary school children [34] .
In our sequence analysis of the positive PCR products, C. parvum predominated, and was detected in four of the five successfully sequenced Cryptosporidium-positive samples. Inconsistent results have been published in previous studies. In a genetic characteristic analysis conducted in Henan, C. hominis was identified in nine of 10 Cryptosporidium spp. isolates from human samples [35] . Similarly, C. hominis accounted for 90.2% (92/102) of Cryptosporidium spp. infections in patients in Shanghai [31] . When subtyped at the gp60 locus, all the four C. parvum isolates detected in the present study were identified as IIdA19G1, a subtype which has recently been reported in several studies of human samples worldwide. For example, two C. parvum isolates derived from HIV-positive patients in Henan, China, were identified as IIdA19G1 [33] . This subtype has also been reported in human samples in Madrid, Spain [36] and in Portugal [37] . IIdA19G1 is also one of the most commonly detected subtypes in calves in Henan, Hebei, Beijing, and Heilongjiang Provinces [38] [39] [40] [41] [42] in horses in Sichuan, and in donkeys in Henan and Shandong Provinces [43] . Cryptosporidium parvum has been reported more frequently than C. hominis in most recent studies in China, suggesting a zoonotic origin rather than its anthroponotic transmission. This increasingly dominant transmission route of this parasite might be attributable to the rapid development of intensive breeding in recent decades and has important implications for public-health strategies to control these parasites.
In the present study, the infection rate of G. duodenalis was 0.61%. A large number of epidemiological investigations have been conducted in China since the start of this century, and have suggested that the average infection rate of G. duodenalis is 0.85% (197/23,098) [10] . Our data are consistent with a more recent study in Wuhan, where a low infection rate (1.4%) of G. duodenalis was detected [32] . In another study, G. duodenalis was detected in 17 of 252 fecal samples collected from patients with diarrhea in Shanghai, with an infection rate of 6.75%, which is higher than that in the present study [44] . A similar observation was also made in India, where a high rate of G. duodenalis infection (10.2%, 413/4039) was seen throughout the study period across all climatic conditions [45] . The infection rate of G. duodenalis is considered to be influenced by many factors, including ecological, environmental, and demographic conditions, and especially the immune status of the host [46] .
In the MLG analysis of the G. duodenalis isolates, five MLGs were detected when the sequences at the bg, tpi and gdh loci were combined. In a phylogenetic analysis, two MGLs belonged to subassemblage AII and the remaining five MLGs clustered with subassemblage BIV. Subassemblages AII and BIV are the MLGs found most frequently in human samples in China [1, 15, 32, 35] , suggesting an important role for anthroponotic transmission in the epidemiology of giardiasis. BIV was the most prevalent MLG in the present study, identified in 62.5% (5/8) of the G. duodenalis isolates, whereas BIII was found in none. However, different results have been observed in one of our previous study [47] and in a study conducted by Naguib et al. [48] , in which an equal proportion of subassemblage BIII and BIV MLGs were reported. These discrepant results confirm the geographic segregation of the distributions of subassemblages BIII and BIV.
Of the fecal samples tested with PCR, 27 (1.18%) were positive for E. bieneusi infection. In China, the prevalence of E. bieneusi in humans varies from 0.2% to 22.5% [16, 32, 33, 49] , and a similar infection rate (1.3%, 5/381) was detected in a previous study, in which 381 stool samples from cancer patients in China were screened [50] . As well as the immune status of the host, E. bieneusi infection rates are associated with many factors, including but not limited to the economic status and living conditions of the subjects [50] .
In an analysis of the ITS sequences of E. bieneusi, D was the most common genotype, detected in 17 samples. According to the few reports of this parasite in humans in China, genotype D has been detected in children with diarrhea, HIV-positive patients, and HIV-negative individuals in Shanghai, Henan, Wuhan and Guangxi [15, 32, 33, 51] . Genotype D has also been detected in at least 15 animal species, including companion animals, livestock, wildlife, rodents, and birds [9, 50] . In one of our recent studies, this genotype was found in synanthropic rodents living on a dairy farm [52] . Genotype D has also been observed in river water and wastewater [9] , and these data draw a concise profile of the zoonotic potential of E. bieneusi genotype D, which is transmitted via the indirect fecal-oral route. Genotypes PigEBITS7, J, and BEB6 may also be transmitted between humans and animals, because many researchers have reported human infections of these genotypes in China, which were first detected in animal samples [15, 16, 33, 51] . Interestingly, to the best of our knowledge, this is the first report of a human infection of genotype CM8, which was first found in non-human primates by Karim et al. [53] . It has since been shown to infect dairy cattle [54] and horses [55] . These data extend the host range of this genotype and demonstrate its zoonotic potential.
Conclusions
We have shown low burdens of Cryptosporidium spp., G. duodenalis and E. bieneusi in children hospitalized in the pediatric departments of three hospitals in Zhengzhou, central China. A univariate analysis showed that children aged 6-14 years are most likely to be infected by these parasites, as are children with gastrointestinal symptoms, autoimmune rheumatic disease, or hematological neoplasms. The dominance of C. parvum subtype IIdA19G1 suggests the zoonotic origin of this parasite in children involved in this study. The occurrence of G. duodenalis subassemblages AII and BIV suggests the anthroponotic transmission of G. duodenalis and confirms the geographic segregation in the distributions of the different G. duodenalis subassemblages. The five E. bieneusi genotypes identified here have all been isolated from humans and a vast range of animal species, indicating that the zoonotic transmission of E. bieneusi is possible. Therefore, more holistic and integrated approaches must be used to minimize the threat posed by these parasitic pathogens to public health. Abbreviations SSU rRNA: small subunit ribosomal RNA; ITS: internal transcribed spacer; HIV: human immunodeficiency virus; gp60: the 60 kDa glycoprotein gene; CI: confidence interval; OR: odds ratio; SNP: single-nucleotide polymorphism; MLG: multilocus genotype; IL: interleukin; NFATP: the National Free Antiretroviral Therapy Programme.
